Electrophoretically homogeneous ribulose-1,5-bisphosphate (RuBP) carboxylase was obtained from autotrophically grown Hydrogenomonas eutropha by sedimentation of the 105,000 x g supernatant in a discontinuous sucrose gradient and by ammonium sulfate fractionation followed by another sucrose gradient centrifugation. The molecular weight of the enzyme determined by light scattering was 490,000 + 15,000. The enzyme could be dissociated by sodium dodecyl sulfate into three types of subunits, and the molecular weights (±10%) could be measured. There were two species of large subunits, L and L' (molecular weight 56,000 and 52,000, respectively) and one species of small subunits (molecular weight, 15,000). The mole ratio of L to L' was 5:3, and the overall mole ratio of the small to large subunits was 1.08. The simplest quaternary structure of the enzyme is L5L'3S8. The enzyme contained RuBP oxygenase activity as evidenced by the 02-dependent production of phosphoglycolate and 3-phosphoglyceric acid in equimolar quantities from RuBP.
D-Ribulose-1,5-bisphosphate (RuBP) carboxylase (RuBPCase), the enzyme that catalyzes primary CO2 fixation in all autotrophic species (for a review, see reference 22) , can be divided into two enzyme types on the basis of quaternary structure. One type (0), presumably a reflection of primitive autotrophic CO2-fixing machinery, consists of 55,000-dalton polypeptides, and the other type (T) also consists of 55,000-dalton (large) polypeptides but contains 15,000-dalton (small) polypeptides as well. The latter T enzymes contain eight large and eight small polypeptides. The catalytic activity or potential of both types of enzymes resides in the large polypeptide subunits, which may be homologous in a variety of autotrophs. In contrast, the small polypeptide subunits appear to diverge in composition (for reviews, see references 22 and 25).
These observations have led to the hypothesis that the small polypeptide subunits were added later in the molecular evolution of RuBPCase (22) . Enzymes of the 0 type have been found in the following sources and states of aggregation: dimer, Rhodospirillum rubrum (35) ; hexamer, Chlorobium limicola f. thiosulfatophilum (38) ; octamer, Thiobacillus intermedius (28) and the blue-gree algae Agmenellum quadruplicatum (40) and Anabaena cylindricum (39) . Enzymes of the T type, in general characterized by a molecular weight of about 550,000, have been found in: Chromatium D (1); Ectothiorhodospira halophila (37) ; the bluegreen algae Anabaena variabilis and Plectonema boryanum (42) ; the green algae (14, 24, 34) ; and higher plants (27, 30, 31, 33) .
In 1969 Kuehn and McFadden (15, 16) reported that RuBPCases from Hydrogenomonas facilis and H. eutropha were large enzymes (molecular weight 551,000 and 516,000, respectively) consisting of one subunit type that had a molecular weight of about 40,000. These findings were, however, before the development and widespread application of polyacrylamide gel electrophoresis incorporating protein dissociation by sodium dodecyl sulfate (SDS). We now describe a more facile procedure to isolate RuBPCase from H. eutropha and some of the properties of this enzyme, including its quaternary structure and oxygenase activity.
MATERIALS AND METHODS Materials and sources. RuBP tetrasodium, bovine serum albumin, dithiothreitol, Ammediol (2- Enzyme purification. All purification steps were carried out at 0 to 4°C. A saturated ammonium sulfate solution was adjusted to pH 7.7 with NaOH solution at room temperature and allowed to crystallize at 0°C, and the mother liquor was used for all salt fractionations described.
Cells (20 g ) of H. eutropha were thawed by suspension in 20 ml of TEMBD [made up with 20 mM tris(hydroxymethyl)aminomethane containing 1 mM ethylenediaminetetraacetic acid (EDTA), 10 mM MgCl2 * 6H20, 50 mM NaHCO3 and 1 mM dithiothreitol, which had been adjusted to pH 8.0 at 25°C with HCl] buffer and disrupted by two passes through a prechilled French pressure cell at 16,000 to 20,000 lb/in2. The unbroken cells and debris were removed by centrifugation at 31,000 x g for 45 min, and the supernatant was then centrifuged at 105,000
x g for 1 h. RuBPCase in the high-speed supernatant was then subjected to sedimentation in the following discontinuous sucrose density gradient (10, 36) . Six identical gradients consisting of three successive layers (each 9 ml) of 0.6, 0.4, and 0.2 M sucrose in TEMBD on a 9.5-ml cushion of 0.8 M sucrose were constructed. Two milliliters of highspeed supernatant was layered onto each gradient.
After centrifugation at 27,000 rpm at 2°C for 20 h in an SW27 rotor, 0.8-to 0.9-ml fractions were collected from the bottom after puncturing each tube. RuBPCase activity was monitored by assaying 20-,ul aliquots from alternate tubes of a representative gradient. The enzyme activity was distributed in a single symmetrical peak. Eight tubes near the top of enzyme activity profile were pooled from each gradient, and the six aggregate fractions were pooled and dialyzed against 300 ml of TEMBD buffer for 5 h. The dialyzed solution was adjusted to 50% saturation with respect to the alkaline ammonium sulfate solution, stirred for 10 min, allowed to stand in an ice bath for 30 min, and centrifuged at 18,000 x g for 10 min. The pellet was dissolved in TEMBD buffer so that the protein concentration was 3.9 mg/ml. RuBPCase was then salted out at 35% saturation with respect to ammonium sulfate. The enzyme was collected by centrifugation, dissolved in 4.4 ml of TEMBD buffer, and dialyzed against 75 volumes of the same buffer for 4 h. Electrophoresis of 68 Ag of enzyme on gel polymerized from 5% acrylamide showed a slower minor contaminant in addition to the RuBPCase protein band. The enzyme was then purified to homogeneity by sedimentation as described below. Two milliliters of dialyzed enzyme (6.75 mg of protein/ml) from the 35% ammonium sulfate step was loaded onto each of two identical 0.2 to 0.8 M sucrose gradients, prepared as described earlier. After centrifugation as described for 21 h, fractions were collected and aliquots were assayed for RuBPCase activity. Protein was monitored by absorbance at 280 nm, using 0.8 M sucrose solution as the blank. After ascertaining the homogeneity by electrophoresis on gels polymerized from 5% acrylamide, 9 to 10 fractions from each gradient were pooled and the two aggregate fractions were mixed and dialyzed against 600 ml of TEMBD buffer for 3 h. The dialyzed solution was concentrated in the dialysis bag by Aquacide (Calbiochem) and dialyzed against three changes of 100 volumes of TEMBD buffer for 16 h. The enzyme was stored at 0°C at 1.9 mg of protein/ml and was completely stable for at least 1 week, in accord with an earlier report (26) .
Electrophoresis. The method of Laemmli (19) was used for ordinary gels and gels containing SDS. Spacer gels (3% acrylamide) were regularly included. Ordinary gels were polymerized from 5 and 7.5% acrylamide. Bromophenol blue (0.05%), 5 ,ul/ gel, was used as the tracking dye. The samples were allowed to pass through the spacer gel at 1 mA/gel, and the electrophoresis was done at 2 mA/gel for 6 to 7 h at room temperature. The gels were fixed in 50% trichloroacetic acid and stained with freshly prepared 0.1% Coomassie brilliant blue R in 50% trichloroacetic acid for 2 h at 40°C. The gels were destained by soaking in 7.5% acetic acid at 40°C or room temperature.
For study ofthe quaternary structure and subunit molecular weight determinations, gels polymerized from 10% acrylamide and containing 0.1% SDS were used. Enzymes and proteins used were dissociated in "sample buffer" (19) by heating in boiling water for 2 to 3 min. Subsequent electrophoresis was as described in the preceding paragraph.
Light-scattering measurements. Before lightscattering measurements, the enzyme solution (1.9 mg/ml) was exhaustively dialyzed against TEMBD buffer at 2°C and then equilibrated at 25°C against 60 volumes of TEMBD buffer for 4 h. Light-scattering measurements were made with a Brice-Phoenix light-scattering photometer at 564.0 nm. The photometer was calibrated with lysozyme, and appropriate corrections for optical anisotrophy were incorporated (43) . The (d-) of a RuBPCase solution was measured in a Brice-Phoenix refractometer using buffer blank. Protein concentration was measured by the biuret method (12), using crystalline bovine serum albumin as the standard. 1 ,umol of EDTA, 10 ,umol of MgCl2 -6H20, 6 ,umol of glutathionine (GSH), and lyophilized H. eutropha RuBPCase (0.2 U) in 0.7 ml. The central well contained 3.2 ml of 10% KOH with a filter-paper wick, and the side arm contained either 3 ,mmol of RuBP in 0.3 ml of water or 0.3 ml of water (as a control).
The flasks were attached to manometers and equilibrated at 30°C for 15 to 20 min. The reaction was initiated by addition of RuBP or water, and readings were taken at suitable intervals. The reaction flasks and controls were run in duplicate.
The stoichiometry of the products formed by RuBP oxygenase was established by determining the amounts of 3-phosphoglycerate and phosphoglycolate produced. 3-Phosphoglycerate was determined by converting it to a-glycerophosphate by action of the following coupled enzymes: 3-phosphoglycerate phosphokinase, glyceraldehyde-3-phosphate dehydrogenase, triosephosphate isomerase, and a-phosphoglycerate dehydrogenase in the presence of adenosine 5'-triphosphate, Mg2+, and NADH. The decrease in absorbance at 340 nm due to oxidation of NADH was used to compute the amount of phosphoglycerate, recognizing that two NADH are oxidized per molecule (6) .
For the determination of phosphoglycolate, perchloric acid-deproteinized samples were neutralized with KOH and chromatographed at 4°C on Dowex AG-1 X 4. EDTA, GSH, phosphoglycolate, 3-phosphoglycerate, and RuBP were separated by elution with 0.05 N HCl containing 0.15 M NaCl (11) . The positions of the peaks were established by running standards individually and in combinations. Phosphoglycolate was estimated by a modification of Calkins's method (4). The recovery was quantitative.
RESULTS
RuBPCase from H. eutropha. The procedure developed resulted in 14% recovery of electrophoretically homogeneous enzyme (Table 1). The enzyme was essentially homogeneous at the 35% ammonium sulfate saturation step and could be easily crystallized, but a hairline-thin slower band in addition to the RuBPCase protein band was observed when electrophoresis was conducted on 68 ,ug of protein in gel polymerized from 5% acrylamide.The enzyme after the second sucrose gradient centrifugation (Fig. 1) was homogeneous on gels polymerized from 4 to 7.5% acrylamide (27a) ruling out the possibility of the presence of contaminants having a similar charge but subtly different molecular weight (13) . The semilogarithmic plot of R. against percent acrylamide concentration was linear from 4 to 6.5% acrylamide, but a downward curvature was observed in the gel polymerized from 7.5% By extrapolation of the values of Kc/A., determined at 0.307, 0.519, and 1.115 g of H. eutropha RuBPCase per liter to infinite dilution, a molecular weight of 490,000 + 15,000 was obtained, the uncertainty being at the level of 2 standard deviations. The photometer was calibrated with lysozyme, and appropriate corrections for anisotropy were incorporated. The measured value was somewhat lower than that of 516,000 determined by sedimentation equilibrium (16) . Quaternary structure. RuBPCase from H. eutropha could be dissociated into three types of subunits -two types of large and one of smallby SDS and /8-mercaptoethanol as revealed by electrophoresis on gels polymerized from 10% acrylamide containing 0.1% SDS (Fig. 2a) . Two bands of the slower-moving large subunits could be resolved only when the amount of protein applied was 2.5 to 6 gg/gel. At higher protein concentrations (Fig. 2b ) the bands tended to fuse and appear as a single band. The same band pattern of two large subunits and one small subunit was observed after dissociation of H. eutropha RuBPCase isolated in the absence of dithiothreitol or in the presence ofNa-p-tosyl-L-lysine chloromethylketone hydrochloride, diisopropyl fluorophosphate, or a high concentration of EDTA (9) . The subunits are not apparently covalently linked through disulfide bridges because the same band pattern was observed on electrophoresis using running buffers of pH 8.3 and 9.3 of enzyme dissociated in the presence or absence of ,8-mercaptoethanol. The mobility of the subunits in relation to similarly treated standards indicated molecular weights of 56,000 + 10% and 52,000 + 10% for the two large subunit species, L and L', respectively, and 15,000 + 10% (7, 44, 45) for the small subunit (Fig. 3) . Electrophoresis of the dissociation products and standards using a running buffer of pH 8.3 instead of 9.3 yielded the same molecular weights.
The ratio of the subunits was obtained by scanning the stained bands at 656 nm spectrophotometrically. Since the amount of Coomassie brilliant blue bound to protein is reported to be proportional to the amount of protein with a variation of less than 10% and is independent of the type of protein (8), the area under the peak scanned represents the amount of protein present. Six densimetric scans of various gels typified in Fig. 2a revealed a major peak with a well-defined shoulder (Fig. 4) . By extrapolation to the base line, the area under each peak could be estimated; this approach established that b a the average mole ratio of 56,000-dalton to 52,000-dalton subunits is 0.6. The average overall mole ratio of small to mixed large subunits ascertained from six densimetric scans of gels showing only two bands and from six densimetric scans showing three bands was 1.08 and 1.05, respectively.
RuBP oxygenase activity was first well characterized in highly purified RuBPCase from spinach (2) and has since been found in four microbial RuBPCases (20, 23, 24, 41) . RuBP oxygenase was readily detected in the homogeneous preparation of H. eutropha RuBPCase ( Table 2 ). The products, 3-phosphoglycerate and phosphoglycolate, of oxygenolytic cleavage of RuBP catalyzed by RuBPCase from H. eutropha were found to be in equimolar ratio in a yield that was based upon 72% of theoretical RuBP-dependent 02 consumption (Table 2) . The apparently large blank of RuBP-independent 02 consumption must have been due to the nonenzymatic oxidation of one or more components in the reaction mixture as revealed by the 02 consumption by the reaction mixture lacking both enzyme and RuBP (Table 2) . Recent experiments have established that oxidation of GSH (29) in the reaction mixture satisfactorily accounts for the observed blank oxygen consumptions (Purohit and McFadden, un- published data).
DISCUSSION
The present data establish that RuBPCase can by readily isolated from H. eutropha (and presumably from other hydrogen bacteria as well) by sedimentation of extracts into a sucrose density gradient (10, 36) , salting out, and resedimentation into the sucrose gradient. The resultant product, obtained in good yield, is gel electrophoretically homogeneous and has almost the same specific activity as that prepared in our laboratory by laborious procedures (15).
In earlier studies, the dissociation of reduced, aminoethylated RuBPCase was seemingly dependent upon the conditions of aminoethylation (16) . In some experiments, evidence for large and small subunits was obtained. It now seems likely that the variability was due to the occasional inclusion of a dialysis step after dissociation but before gel electrophoresis. Craig (5) has discussed the inexplicable acceleration of the transfer of dialyzable compounds across the membrane by urea and in some cases salt. Proteins such as ribonuclease (molecular weight 13, 700) are dialyzable under certain conditions. On the basis of the present work, it is evident that RuBPCase from H. eutropha is composed of three subunit types, two of which are large (L and L') and one of which is small (S), and that in previous work the small subunit had been removed by dialysis after dissociation. The concentration of a portion of small sub- units, which had not been completely removed by dialysis, in the bottom half of the solution column in sedimentation to equilibrium may have lowered the apparent molecular weight of the large subunits to 40,000 (16) . In any case, if heat treatment in the presence of SDS is sufficient, the H. eutropha enzyme dissociates into three subunit types of 56,000, 52,000, and 15,000 daltons. The mixed large and small subunits occur in a mole ratio of 1:1. On the basis of these observations and the present and earlier values of the molecular weight for the native enzyme, we infer that RuBPCase from H. eutropha consists of eight mixed large and eight small subunits. In this respect it is closely similar to the dominant T form of this enzyme found in eukaryotes (22, 24, 25) and to other T enzymes found in prokaryotes such as Chromatium vinosum (1), Ectothiorhodospira halophila (37), Anabaena variabilis, and Plectonema boryanum (42) . Presumably the structural genes specifying the large and small subunits of H. eutropha RuBPCase arose after that specifying the large subunit of the enzyme reflected in Rhodospirillum rubrum (35) , Chlorobium limicola (38) , Thiobacillus intermedius (28) , and some of the blue-green algae, Agmenellum quadruplicatum (40) and Anabaena cylindricum (39) .
The large subunits of H. eutropha RuBPCase exhibit heterogeneity as was observed with the enzyme obtained from Nicotiana tabacum (17, 18, 32) . Post-cell disruption proteolysis does not seem to be responsible for the observed heterogeneity ofthe large subunits of the H. eutropha RuBPCase because enzyme preparations obtained under conditions that minimized proteolysis also revealed heterogeneity (27a).
Our ready detection of oxygenase in the demonstrably pure RuBPCase of H. eutropha may explain in part the well-known inhibition of autotrophic growth of hydrogen bacteria by oxygen. This enzymatic activity opposes carboxylation of RuBP by catalyzing oxygenolysis of RuBP, therefore lowering the intracellular concentration of RuBP, the CO2 acceptor. One of the products of this oxygenolysis is phosphoglycolate. It is therefore of interest that glycolate excretion by H. eutropha as a function of oxygen pressure by cells exposed to autotrophic growth conditions has been recently observed (G. Codd, personal communication). The oxygenase activity of RuBPCase has been described for the enzyme from prokaryotic and eukaryotic organisms, anaerobes (23, 27, 41) and oxygen-evolving forms alike (2, 3, 20, 24) .
The present finding is the first for the enzyme from any of the chemolithotrophic bacteria and amplifies the belief that oxygenase activity will be a general property of RuBPCase (22) . Moreover, it focuses attention on the possible similarity between 02 inhibition of chemosynthesis and photosynthesis.
